Abstract: The tailored chemical synthesis of binary and ternary alloy nanoparticles with au niform elemental composition is presented. Their dual use as magnetic susceptors for induction heating and catalytic agent for steam reforming of methane to produce hydrogen at temperatures near and above 800 8 8Cisdemonstrated. The heating and catalytic performance of two chemically synthesized samples of CoNi and Cu&CoNi are compared and held against atraditional Ni-based reforming catalyst. The structural, magnetic,a nd catalytic properties of the samples were characterized by X-rayd iffraction, elemental analysis,m agnetometry,a nd reactivity measurements.F or induction-heated catalysts,t he conversion rate of methane is limited by chemical reactivity,a so pposed to the case of traditional externally heated reformers where heat transport limitations are the limiting factor.C atalyst production by the synthetic route allows controlled doping with miniscule concentrations of auxiliary metals.
Directheatingofmagneticnanoparticles(NPs)bymagnetic
induction, including using magnetic hysteresis heating, holds many potential advantages over conventional heating as it allows for av ast number of new approaches to otherwise difficult tasks.T he most prominent of these are drug release, [1, 2] control of single-cell functions, [3] and disease treatment by hyperthermia. [4, 5] While ac ollective feature of all these applications is the aim towards medical use,only few examples exist of industrial applications of magnetically heated NPs. [6] Herein, we present the preparation and implementation of an ovel nanostructured material for hydrogen production via endothermic steam reforming of methane (SMR) using solely induction heating as energy source. [7] Hydrogen is by far the most produced chemical worldwide on amolar basis. [8] To accommodate an ever-growing demand, efforts have been made to generate hydrogen from biofuels, electrolysis,w ind, solar,a nd nuclear energy.T he most affordable and efficient way to generate hydrogen is still various forms of steam reforming of hydrocarbons from fossil fuels. [9] TheSMR takes place according to Equations (1) and (2):
This overall endothermic reaction presents achallenge as it is only thermodynamically favored at temperatures approaching 700 8 8Ca ta mbient conditions,a nd even higher temperatures of 950 8 8Ca re needed in industry owing to the high operational pressures used. [10] Atypical SMR plant for production of hydrogen generally consists of ap re-reformer followed by at ubular reformer, as hift converter, and final product purification (typically done by pressure swing adsorption (PSA)) in combination with expensive heat-exchange coils to minimize heat loss. [11] A long-standing challenge in hydrogen production has been the excessive heating needed in the reforming section of the current design, which, due to costly waste-heat sections, favors large-scale plants to achieve af easible reforming economy.U sually,e nergy delivered to the reactor bed from the fired section is only around 50 %, the rest is recovered in the flue gas. [10, 12] This however dictates,t hat as ignificant amount of energy is spent outside of the actual reaction chamber.A dditionally,t he start-up time of such plants is often on the order of afew days to ensure controlled heating of the large tubes with minimum risk of tube rupture.Instark contrast, induction heating provides rapid and efficient heating of ferromagnetic materials,a nd potentially the heat can be delivered directly in the catalyst, if such am agnetic catalyst can be realized. This requires special radiofrequency transparent reactors to avoid shielding effects between the catalyst and the induction coil. In afuture hydrogen economy, we therefore envision induction-heated reforming as asmallscale hydrogen production technology with afast start-up for ad hoc on-site supply of hydrogen.
Previously,i nduction heating of ferromagnetic Fe-based NPs was utilized in al iquid phase organic synthesis flow reactor in aseries of pioneering studies, [13] [14] [15] although the NPs were only used for heating and did not supply ac atalytic function. Others have later made research into magnetic zeolites and related systems,where NiFe-based particles may also play ac atalytic role. [16, 17] More recently,o thers reported iron-based core-shell NPs doped with precious metals as candidates for induction heated heterogeneous catalysis. [18, 19] However,incase of SMR with reaction temperatures around 800 8 8C, iron with aC urie temperature, T C ,o f7 70 8 8Ci sn ot suitable as magnetic susceptor. Theo nly element with ah igher T C than iron is cobalt (T C = 1115 8 8C) [20] and hence for induction heated SMR, the magnetic susceptor must be based on Co and alloys thereof.
Oxidation of Co readily takes place at the high temperatures and partial pressures of water relevant to the SMR process,and asignificant challenge is to avoid oxidation of Co as this leads to the formation of antiferro-and paramagnetic phases. [21, 22] Alloying with Ni provides ad ual solution to this as Ni is an excellent catalyst for endothermic SMR, and Ni stabilizes the Co phase against oxidation while maintaining activities similar to that of pure Ni. [22] Recently,wehad some success with this idea in ap roof-of-concept showing that it was indeed possible to heat such alloyed NPs to temperatures approaching the desired range,a nd to produce hydrogen at these elevated temperatures.H owever,o wing to the serendipity of sequential impregnation used in the previous study, control over the microscopic metal distribution had to be renounced, evidenced by the large differences found in alloy compositions in that study,leaving only as mall fraction with high T C and av ery small hysteresis opening (see below) accessible for the purpose of heating. [23] [24] [25] Herein, to take control at the molecular level, we conceptually changed the approach to catalyst manufacture, by preparing both active NPs and inert carrier by achemical synthesis route,w ith the aim of producing more stable and uniform NPs,a ccessible in the desired temperature regime. Forming the catalyst precursor in solution and then precipitating it by addition of base,guaranteed the homogeneity of the material. Subsequently,the material was reduced, hereby directly producing catalytic nanoparticles within ap orous non-active carrier material. To benchmark the activity of the formed catalyst, we also synthesized at raditional Ni catalyst on MgAl 2 O 4 support by the same route with al oading of 15 wt %N i( 1)a sareference,t om imic commercially available reforming catalyst, [10] denoted Ni-ref (Supporting Information, Table S1, Figure S1 ).
Thesynthetic procedure (see the Supporting Information and Figure S2 therein) uniformly gave ah omogeneous compound, which could be tuned to accommodate avast range of metals at different ratios. Figure S6 ).
These results are consistent with the crystallite sizes of 20-30 nm estimated from XRD analysis using the Scherrer equation, considering the uncertainties associated with this (Supporting Information, Table S1, see the Supporting Information for further comments).
TheEDS analysis revealed an even distribution of Ni and Co throughout the nanoparticles (more than 40 NPs were individually addressed per sample) with an average Co contento fe ach NP of 52.9 wt %( AE 5.8 wt %) in sample CoNi (Figure 2 ) and 52.9 wt.%( AE 3.0 wt %) in sample Cu&CoNi (Supporting Information, Figures S7-S9) , closet o the stoichiometric ratio defined by the synthetic route.
Measurements using atraditional externally heated setup dedicated for steam reforming activitym easurements revealed as teamr eforminga ctivity for CoNi of 40 %o f that for Ni-ref.C hemically tuning the activity with miniscule dopings of Cu (Cu&CoNi)increased the performance significantly to reach 55 %. In terms of turnover frequency (TOF) Figure S10 therein) . [26] and additional results obtained by traditional activity measurements (Supporting Information, Table S1 ). Any possible support related effects on the activity was not studied herein. Them agnetic moment of CoNi and Cu&CoNi was measured versus temperature in as mall applied magnetic field of 10 mT to determine the effective Curie temperature of the samples as well as to check for the presence of multiple magnetic phases (Figure 3 ). At temperatures below 800 8 8C, the nanomaterial acted as aferromagnet with aslow decrease of the magnetic moment upon heating. Above this temper-ature,t he moment decreased more rapidly and reached av alue close to zero at the maximum measurement temperature of 950 8 8C. Effective Curie temperatures for CoNi and Cu&CoNi were determined to T C = 892 8 8Ca nd 875 8 8C, respectively (see the Supporting Information). Thes ingle rapid decrease in moment around 850 8 8Co r8 25 8 8Ci ndicates ah omogenous material with an arrow alloy composition in both samples in agreement with EDS results.T he smaller T C for Cu&CoNi relative to CoNi despite similar composition in EDS may be due to the small content of nonmagnetic Cu which was not evaluated by EDS.
Moreover,h ysteresis measurements of CoNi and Cu&CoNi in maximum applied magnetic fields B max ranging from 5mTt o5 5mTw ere conducted isothermally between temperatures of 200 8 8Ca nd 950 8 8Ci ni ncrements of 50 8 8C (Supporting Information, Figures S11-S14). Thea rea of the hysteresis loop is defined as:
where s [A m 2 kg À1 ]i st he specific magnetization (magnetic moment per sample mass), indicates the heat generated per cycle in units of Jkg À1 upon cycling the applied magnetic field between + B max to ÀB max and back (Figure 4 ). From the measurements conducted on CoNi, it is clear that W H is still appreciably different from zero at temperatures above 800 8 8C at moderate values of B max .T his suggests the possibility of using magnetic hysteresis heating at and above this temperature.
Identical measurements on Cu&CoNi reveal as imilar hysteretic behavior, which is not surprising given the similar magnetization curves (Supporting Information, Figures S15,S16). Ar eactor setup dedicated for induction-heated SMR was designed and used for the testing of these catalysts under operating conditions (see the Supporting Information). Ar eactor made of quartz was implemented to avoid any magnetic shielding effects.B ased on the composition of the outlet gas,the SMR equilibrium temperature,energy transfer, and conversion of feed was calculated. Forb oth CoNi and Cu&CoNi,t he calculated energy transfer to the process gas was around 3-20 Wg À1 ,(averaged over asample mass of 10 g) as estimated from the change in enthalpy,d epending on the flow-rate of reactants however,t he actual transfer to the reactor may be higher owing to heat losses associated with the reactor insulation. In all measurements,afrequency of 69 kHz and field amplitudes of up to 42 mT was used. Forsimplicity, only flow rates of 51 and 152 Nl h À1 are shown in Figure 5 (for af ull view,s ee the Supporting Information, Figures S17 and S18).
Tr aditionally,t he limiting factor on the reaction rate in industrial type externally heated reformer tubes is not the catalyst activity but the heat transfer to the catalyst. [19] This means that effectively only 10 %, or less,o ft he catalyst activity is utilized, the rest being lost owing to transport restrictions of the heat flux in the reactor bed. [27] Interestingly,the data for CoNi and Cu&CoNi showed the CH 4 conversion increasing with magnetic field until acertain point where the increase in field is accompanied only by asmall increase in H 2 .F or certain gas flows,this maximum is reached at full conversion (equilibrium). Thec urvature observed on approaching equilibrium is caused by the catalyst operating at the kinetic limit, that is,the catalyst is limited by reaction kinetics and not by the heat transfer ( Figure 5 ). This is an important observation, as it is in stark contrast to the externally fired case.A dditionally,o wing to the improved activity of Cu&CoNi,9 5% conversion of methane to hydrogen was realized using roughly 15 %smaller applied magnetic fields as compared to CoNi for flows of 152 Nl h À1 .
Ther obustness of CoNi was evaluated in ap rolonged experiment with aconstant flow-rate of 101 Nl h À1 with afeed gas mixture of 29.7 %C H 4 ,5 9.5 %H 2 O, and 10.8 %H 2 (mol %), an input temperature of 237 8 8C, at close to atmospheric pressure,u nder an applied magnetic field of about 32 mT and afrequency of 69 kHz. Under these conditions,the conversion of methane was 90-95 %, corresponding to an equilibrium temperature of 715 8 8C. In the time frame of the experiment, which was more than 300 h, no significant decrease of the activity was observed as evidenced by the constant value of the methane conversion ( Figure 6 , red data points). Ther ecorded time interval (ca. 14 days) is clearly much shorter than at ypical reactor lifetime (years), but on the other hand, it is the time interval where most changes to the catalyst would be expected to occur. Thedrop observed in CH 4 conversion at 72 hi saresult of water contamination of the gas chromatograph (GC) caused by ashort power outage and does not represent an actual loss of catalyst performance. To avoid further damage,G Cm easurements after this point were performed in steps,r oughly 24 ha part. Ther eactor outlet temperature was measured constantly throughout the experiment (black data points) using aT ype-K thermocouple as described in the Supporting Information. Subsequently,the catalyst was unloaded and checked for changes in composition by XRD,I CP and STEM (Figure 2 ; Supporting Information, Figures S19-S21 ). All of these results underline the remarkable stability of the NP material, as no structural changes were found in addition to no carbon formation and no change of the Co wt %r atio,w hich was practically unchanged at 51.8 wt %(AE 2.0 wt %; Figure 2 ).
In summary,the preparation of anew chemically tailored nanostructured system was presented and its use in induction heated SMR was demonstrated. Thec hemical synthesis of metallic NPs allowed for the controlled production of as ample with au niform and predictable Ni-Co alloy composition. Compared to previous ideas, [25] the realization of well-defined NPs through chemical synthesis led to an increase in both hysteresis opening and steam reforming catalytic activity,p resumably caused by al arger fraction of the NPs being ferromagnetic at the elevated reaction temperature.A sar esult, am arked increase was found in the efficiency of the NPs in terms of energy conversion under induction-heated steam reforming using only amagnetic field generated from electrical current as apower source.
With similar or even slightly inferior magnetic properties, Cu&CoNi demonstrated significantly improved reforming properties compared to CoNi,o pening up for the possibility of producing even better catalysts by engineering the reactivity,a st his is presently the limiting factor.F inally,w e show the stability of chemically synthesized NPs to be excellent, and essentially inert to degradation in the first 300 ho fo perating at reforming conditions.E xamining the CH 4 conversion under such conditions revealed that kinetic effects alone and not thermodynamics hampered the catalyst, opposed to the case of externally fired SMR, highlighting the excellent heat transfer from the induction field to the magnetic susceptor and active catalyst.
Combining chemically robust NPs with induction-heated catalysis may prove useful for many other industrial reactions, as the NPs can be modified to contain whatever active metal may be needed, and the operating temperature controlled by adjusting the applied field.
Thei mplementation of induction heating in SMR may eliminate expensive waste-heat sections used in traditional methane reforming setups,s ignificantly reducing the complexity of the process design and has the potential to drastically lower CO 2 emissions from the process. [28] This, together with the possibility of fast plant startup,h olds promise for these materials as competitors for classical hydrogen plants or as part of ammonia plants in af uture hydrogen economy and especially for ad hoc small-scale demands.
